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INTRODUCTION
In order to obtain a satisfactory surface quality, many efforts are mainly oriented to the improvement of the cutting tool performance and to the plastic deformation of the machined materials. It is known that the conventional machining methods, such as turning and milling, leave inherent irregularities on the surface, and it hence the need to realise a series of costly finish operations. has developed the use of very hard materials in several fields such as manufacturing parts for the aeronautic and the mechanical industries. 3, 4 The metallic surface characteristics can be improved by applying mechanical treatments as roller, 5, 6 multi roller 7 or ball 8 burnishing, which modify the superficial layer properties in terms of hardness and roughness. 9 As the superficial layers are loaded in service, they will be the first to be degraded by wear following the various contacts with the other parts and the influences of the surrounding environment. Both the roller and the ball burnishing processes implement a plastic cold working of the superficial layer and act on their geometrical and physical properties as well.
In general, the parameters affecting the plastic deformation process are variable, and they can be represented by the burnishing speed, the burnishing feed, the ball or the roller diameter, the burnishing force as well as the number of burnishing tool passes. [10] [11] [12] [13] [14] [15] The burnishing force is one of the most important parameters in the burnishing process. A larger force induces an increase in hardness, although a very important strength generates an increase in roughness. 16 It is clear, however, that other parameters contribute to the final properties of the part surface, namely, the penetration depth and the initial state of the surface quality. 17 El-Axir et al. 18 had demonstrated that the workpiece initial hardness controls the effect of the other parameters on each response.
El-Taweel et al. 19 had found that the effect of the burnishing force is the dominant effect on surface roughness and microhardness, followed by the burnishing feed, burnishing speed and the number of burnishing tool passes. They have shown that the microhardness best improvement is obtained at the lowest burnishing speed, the highest burnishing force and the highest number of burnishing tool passes. As indicated by H. Hamadache et al., 20 the number of burnishing tool passes should be limited to two in order to have the best roughness, whereas three passes were recommended to have the highest hardness.
Actually, the mechanical treatment has been often applied after the machining process ( Figure 1 ). The objective of this study is to develop a new device that allows for combining the machining and the burnishing processes ( Figure 2 ). Using this new device, three types of parameters were distinguished: machining parameters, burnishing parameters and common parameters. These last parameters that are the same for both machining and burnishing are rotational speed and feed rate.
In fact, by using the combined machining and burnishing system, some parameters relative to the machining and burnishing process became dependent (common parameters). Particularly, the two processes have the same speed and the same feed rate. However, other parameters have remained independent and always relative to the burnishing and the machining processes such as the burnishing force and the ball dimension and the penetration depth, respectively. This study describes a new device for a combined machining and mechanical plastic deformation. The influence of the test parameters on C45 (2MTI, Metals, Materials and industrial technique, Sousse,
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Machining system Mechanical treatment system Figure 1 . Consecutive machining and mechanical treatment system. Tunisia) steel behaviour has been developed. After turning at different conditions, sketches, finishing and half finishing, the evolution of surface roughness and technological time has been investigated.
Comparison between surface roughness using the combined machining/burnishing tool and considering the same sketching conditions and those obtained by machining at different conditions, namely, sketching, finishing and half finishing, has been conducted. The residual stress through a cross section of the machined and the combined machined/burnished surfaces has been also investigated.
EXPERIMENTAL DETAILS

Material specification and specimen preparation
In this study, C45 steel chemical composition 0.45-0.48% C, 98% Fe, 0.6-0.9% Mn was used. Yield strength (Re) and ultimate strength (Rr) were, respectively, 530 and 625 MPa, whereas elongation at break (A%) reached 12%. The workpieces were received in the form of a cylindrical rod and were initially turned into a circular form of 30 mm diameter.
Combined machining/burnishing tool
A combined turning/burnishing tool ( Figure 3 ) with interchangeable adapter for ball was designed and was fabricated. This tool allows for simultaneously machining and burnishing a cylindrical workpiece using a turning machine. The combined tool is constituted then of carbide cutting tool and 100Cr6 burnishing ball tool (BOUDRANT, Tunis, Tunisia.). The device has the advantage of being simple to assemble on a universal lathe as shown in Figure 3 and most importantly obtaining a machined and burnished surface in one step. A schematic representation of the support is shown in Figure 3b . The support is installed on the lathe, and the two tools are mounted on it.
The ball burnishing tool was used with a pre-calibrated spring to measure the burnishing force ( Figure 4 ) and then to calculate the normalised mean contact pressure. In this tool, a disposable 100Cr6 steel ball of 12 mm diameter was used. The hardness of the ball burnishing and its roughness are about 63 Rockwell Hardness (HRC) and 0.05 μm, respectively. The ball burnishing is in contact with 4 balls, which allows for minimising the friction coefficient. A calibration process was conducted using the actual burnishing operation setting to obtain a relationship between the contact pressure and the corresponding axial displacement. 
Test parameters
Initially, the turned surfaces at different conditions, sketches, finishing and half finishing were performed using only the cutting tool. The evolutions of surface roughness parameter and the technological time relative to every condition were investigated. Table I shows the turning conditions relative to sketched, finished and half-finished surfaces.
In order to put forward the usefulness of the combined tool previously described, the specimens were simultaneously machined and burnished. The cutting conditions, namely, cutting velocity, feed rate and penetration depth, were similar to those used in sketched tuning. However, the normalised mean contact pressure was varied: 2.94, 3.71, 4.24, 4.67 and 5.07. The surface topography and the technological time relative to the machined surface at different cutting conditions were compared with the ones obtained using the combined machining/burnishing tool. In order to characterise the transformed layer, the subsurface residual stress and the microhardness were measured on the cross section for the machined and combined machined/burnished surfaces at different conditions.
RESULTS AND DISCUSSION
Microscopic analyses
Scanning electron microscope micrographs of non-treated and combined turned and burnished surfaces are shown in Figure 5 . The presence of abrasion grooves and wear debris was observed on the non-treated surfaces (Figure 5a ). These grooves were generated during the cutting process. In contrast, the presence of grooves was attenuated for combined turned and burnished surfaces (Figures 5b  and 5c ). Moreover, scanning electron micrographs show the presence of delamination phenomena for the combined turned and burnished surfaces with normalised mean contact pressure of 5.03. Figure 6 shows the micrographic appearance of the balls before and after burnishing using normalised mean contact pressure of 5.03. After burnishing, the ball surface presented grooves with no preferred directions. They were principally due to the interaction between the burnishing ball, the burnished surface and wear debris.
Roughness
To quantify the variation of the surface topography, roughness profiles obtained under different conditions were measured. After each test, the topographic parameters were measured and the technological time was deduced. For each test, five profiles were also performed using a tactile profilometer, and an average of arithmetic roughness is calculated. However, the technological time was calculated for the same bearing length of 20 mm. Figure 7 shows the different parameters relative to the different cutting conditions. It shows that the surface roughness depends on the cutting conditions. Thus, the lowest arithmetic surface roughness (R a ) is obtained when using the finishing conditions. However, the highest R a is obtained by using the sketched conditions. The technological time varies also by using different cutting conditions and increases when R a decreases. Figure 8 shows three profiles for a turned surface at coarse conditions and combined turned and burnished surfaces with 3.71 and 4.67 normalised mean contact pressure. It shows the improvement of topographic properties when the burnishing process has been applied.
In order to better analyse the effect of the burnishing process, the evolution of R a versus the normalised mean contact pressure has been investigated. Figure 9 shows the evolution of R a versus the normalised mean contact pressure obtained by the new device. It shows that R a decreases from 2 μm relative to the non-treated surface to 0.5 μm for the burnished surface. It shows also that for a normalised mean contact pressure lower than 3.71, R a decreases when the normalised mean contact pressure increases. However, for a normalised mean contact pressure more than 4.24, the effect of the burnishing surface on R a is not significant. In this case, the surface topography degrades, and the surface roughness slowly increases.
Hokkirigawa and Kato 21, 22 had emphasised the evolution of the plastic deformation modes of metals depending on the degree of penetration. In fact, when a medium contact pressure is applied, a cold plastic deformation of the superficial layers occurs. The ploughing deformation takes place without any material debris. The peak asperities are flattened and fill the hollow furrows leading to a surface smoothing out. A polished surface is obtained, and an improvement on the surface roughness is shown. Increasing the contact pressure modifies the wear mode. The wedge forming mode appears. Besides, at high contact pressure, the plastic deformation increases and induces high work-hardening into the surface causing surface chipping and delamination. When surface deterioration occurs, the surface roughness increases. The micrographs previously illustrated ( Figures 5 and 6) show that the turned surface presents grooves. However, the ball before burnishing shows a smooth surface with low roughness of 0.05 μm. In fact, burnishing and especially with large normalised mean pressure can degrade the ball surface and increases so its roughness. These degradations can be caused by the presence of work-hardened wear debris generated during burnishing process and present at the interface. Figure 10 presents the technological time and R a obtained by machining at different conditions and those obtained using the combined tool for a normalised mean contact pressure of 3.71. It shows that Surface roughness Ra (µm) Pm/ y Figure 9 . Evolution of arithmetic surface roughness versus the normalised mean contact pressure. by using the combined tool at the sketched conditions, the surface roughness can be less than the one obtained with the finishing conditions. Thus, the combined tool allows on the one hand, to reduce the technological time from 9.6 using the finishing condition to 5 s with coarse conditions, and on the other hand, to obtain a surface roughness less than the one obtained with the finishing conditions.
Residual stresses and microhardness
After the burnishing process, residual stress in the surface was also analysed. The measurement was obtained using a Proto-iXRD machine (stress measurement system) (Ecole Nationale Supérieure, LIM, d'Arts et Métiers, Paris, France). Figures 11a and 11b show respectively the evolution of tangential and axial residual stresses versus the normalised mean contact pressure. The residual stresses were measured at the treated surface and at a depth of 20 μm below. Figure 11 . Evolution of residual stress versus the normalised mean contact pressure using the combined machining/burnishing tool: (a) tangential residual stress and (b) axial residual stress.
For the sketched and non-treated surface, Figure 11 shows that the residual stresses are positive both at the surface and at a depth of 20 μm. During a machining operation, the upper layer is plastically deformed then undergoes a tensile load. Therefore, tensile stresses are induced into a surface. In addition, the increasing of the cutting temperature promotes more tensile residual stresses. 23 The residual stresses on the surface are more important than those measured at a depth of 20 μm.
However, by using the combined machining/burnishing tool, the residual stresses become negative at the surface and at a depth of 20 μm. In fact, the surface undergoes a compressive load that induces a compressive residual stress. 24 Moreover, increasing the normalised mean contact pressure decreases the tangential residual stresses in the surface from À100 (for Pm/σy = 2.94) to À270 MPa (for Pm/σy = 5.03). At 20 μm below the surface, the tangential residual stresses slightly increase from À230 (for Pm/σy = 2.94) to À140 MPa (for Pm/σy = 5.03) (Figure 11) . Figure 11b shows that the axial residual stresses are greater than the tangential ones. It also shows that the residual stresses in the surface are more important than those measured at 20 μm below it. The normalised mean contact pressure effect on the axial residual stresses is not significant for the normalised mean contact pressure varied from 2.94 to 5.03. The average of the axial residual stresses induced by using the combined tool is about À510 at the surface and À380 MPa at 20 μm below the surface.
The residual stresses below the machined and combined machined/treated surfaces were investigated using cross sections. Figure 12 shows the evolution of the residual stresses versus the depth below the machined and combined machined/treated surfaces obtained using the combined tool for a normalised mean contact pressure of 5.03. It shows that for the machined surfaces, the residual stresses are positive for a depth less than 20 μm. These stresses become compressive for a depth of 50, 100 and 150 μm.
However, the analysis of the residual stresses relative to combined machined/treated surface show that the residual stresses are compressive for a depth from 0 to 250 μm. The maximum residual stress is obtained at the surface. Both the surface roughness and the residual stresses curve versus normalised mean contact pressure show the same evolution. In fact, for a low normalised mean contact pressure, it is first noted that both the surface roughness and the residual stresses decrease. Second, for high normalised mean contact pressure, both the surface roughness and the residual stresses remain almost constant. The combined machining/burnishing process leads to a transition from residual tensile to residual compressive stresses. These compressive stresses induced by the combined tool can improve then the fatigue strength and tribological behaviour of the treated parts.
In order to measure the change in the mechanical properties after the combined turned and burnished process, microhardness measurements below the surfaces were conducted. Figure 13 shows the evolution of the microhardness versus the depth for turned and combined turned and burnished surfaces. Microhardness measurements in the subsurface cross section proved that the work-hardened layer obtained after the combined process is about 350 μm thick. These results confirm the tribologically transformed structure formation already mentioned in other situations. [25] [26] [27] Analysing the microhardness and the residual stress evolution versus depth is first noted that the machining has no significant effect on microhardness. However, the combined process affects the under layer microhardness, and a subsurface work hardening phenomena are observed. Second, residual stresses are affected by the combined process. In fact, residual stresses on the subsurface transit from residual tensile associated with machining to residual compressive stresses relative to combined machining/burnishing process.
In this work, the combined machining/burnishing tool is used considering the same sketching conditions. However, these conditions can be varied in order to optimise their functioning conditions. 
CONCLUSION
A new combined machining/burnishing tool was designed and fabricated. This tool allows for simultaneously machining (turning) and burnishing a cylindrical surface using a turning machine. The C45 steel specimens have been turned under different conditions, sketches, finishing and half finishing using only the cutting tool. The evolutions of the surface roughness parameter R a and the technological time relative to every condition have been investigated. Using the combined machining/burnishing tool at sketches conditions, the same parameters have been also investigated. A comparison among the parameters obtained under different machining conditions and those obtained using the combined machining/burnishing tool shows that the combined tool allows, on one hand, for reducing the technological time from 9.6 using the finishing condition to 5 s with coarse conditions, and on the other hand, for obtaining the finishing roughness R a using the combined tool at sketches conditions. The normalised mean contact pressure has been also varied, but its variation does not seem to have any significant effect.
The residual stress analyses show that using the combined machining/burnishing tool allows for inducing a compressive residual stress in the superficial layers. These analyses through cross sections for the machined and combined machined/burnished surfaces show that the stresses, initially positive near the surface, become compressive by using the combined machining/burnishing tool. These analyses also show that the combined tool induces a maximum residual stress at the surface. The microhardness measurements through a cross section show the subsurface work hardening phenomena. This under layer is harder than the bulk material.
Therefore, at sketched conditions, the combined machining/burnishing process decreases the surface roughness up to 0.46 μm. This roughness is better than those obtained by machining at finishing, half finishing and sketching conditions. A surface roughness reduction of 77% compared with sketching and 58% compared with finishing is reached. The combined machining/burnishing process improved the subsurface properties, particularly residual stress and microhardness. These properties enhance fatigue life and wear resistance of the parts.
